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Antiferromagnetic Co3O4 nanoparticles were synthesized by the coprecipitation method. With the
addition of the sucrose as chelating agent (sucrose) the size of the particles was reduced from 54 nm to
19 nm. The Co3O4 nanoparticles exhibit a cubic spinel structure identiﬁed for X-ray diffraction (XRD)
and conﬁrmed by Rietveld reﬁnement. Scanning Electron Microscopy (SEM) images exhibit a spherical-
like morphology and conﬁrm the decrease of the particle size observed by XRD. The magnetic
measurements as a function of temperature using a superconducting quantum interference device
(SQUID) show a large surface anisotropy for samples obtained with the addition of sucrose
accompanied by an exchange Bias effect indicating also the existence of a weak ferromagnetism.
A decrease of the Ne´el temperature from the bulk (and other nanostructures-type) was observed, which
can be associated with ﬁnite-size effect in the nanoparticles’ shape.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
In the last few years several nanostructured magnetic materi-
als have been extensively explored both from the point of view of
fundamental and physical applications [1–3]. Studies on the
magnetic properties in nanosized particles have shown signiﬁcant
changes in their properties when their size is enough reduced.
In the particular case of antiferromagnetic metal oxides systems
(bulk form), two mutually compensating sublattices are usually
present. Therefore, when they are in nanometer form, they tend
to show a superparamagnetic behavior. Besides, the symmetry
breaking of the sublattice leads to ‘‘uncompensated’’ surface
spins. On the other hand, generally, the nanostructured materials
with the antiferromagnetic (AFM) ordering have only limited
applications [4]. However, the interest in these compounds has
been generated since the discovery of their potential for exhibit-
ing magnetization reversal by quantum tunneling, their weak
ferromagnetism below Neel temperature and their applications in
spin–valve systems [5]. For example, the exchange coupling to an
antiferromagnetic particle is a promising route to stabilize the
moment of small ferromagnetic particles and to increase the
density of magnetic recording. Currently, devices employing this
exchange bias effect are constructed using elaborate electronic
fabrication techniques, and external ﬁelds of 1000 Oe are requiredses).
lsevier OA license.to overcome the energy barrier protecting the ferromagnetic
moment from spontaneous reversal [6,7].
To better understand the properties of these systems it is
necessary that the particles have uniform sizes, a well deﬁned
morphology and are monodisperse (noninteracting system).
In this sense several methods have been studied to control these
characteristics. Among the processes studied the chemical meth-
ods of coprecipitation have attracted interest because it facilitates
the production of nanoparticles [8]. Therefore this process shows
that the particles grow with large size distribution and in many
cases the particles present do not have a well deﬁned morphology
depending on the synthesis conditions (high temperature and
long time) and the material produced. Unlike the particles
obtained by thermal decomposition, which produces particles
with well deﬁned morphology and a size distribution that could
be easily dispersed in nonpolar organic solvents. Therefore this
method uses organic precursor with high cost [1,2]. Here, we will
present an intermediate method to obtain nanoparticles with a
good control of size. In this sense in this work, we have used the
coprecipitation and introducing an organic precursor (sucrose) of
low cost and of easy manipulation to obtain Co3O4 nanoparticles
and study the effects of this chelating agent on structural and
magnetic properties.2. Experimental details
Co3O4 nanoparticles (NPs) were synthesized using coprecipita-
tion method as reported for the NiO [8]. All reagents in our
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Aldrich. In a simple procedure, at room temperature, we have
prepared two aqueous solutions of Co(NO)3.2 H2O (6 mmol), one
of them with the addition of sucrose 0.01 mol/L. For both solu-
tions NaOH solution (20 mmol) was slowly added to control the
pH to 13. A black precipitate was centrifuged and washed several
times until the complete removal of the Na ions. This was
followed by drying both at 80 1C for 24 h and the resulting
powder was annealed in air at 200 1C for 3 h.
The X-ray diffraction (XRD) data were obtained with a Rigaku
DMAX100 diffractometer using the Bragg-Bretano geometry with
CuKa radiation. The data were reﬁned by Rietveld reﬁnement
using the DBWS-9807 program and DBWS Tools interface, as
described by Young et al. and Bleicher et al. [9,10]. The results of
reﬁnement were used to calculate the particle size using the
Scherrer equation. In order to analyze the structure and morphol-
ogy of the samples, images of Scanning Electron Microscopy
(SEM) were obtained in a JSM 6330F microscope of scanning of
high resolution-ﬁeld emisson gun (FEG) at the Laborato´rio
de Microscopia Eletroˆnica at Laborato´rio Nacional de Luz Sincro-
tron (LNLS, Brazil). Magnetization, M(T,H), measurements for
2oTo300 K were taken in a Quantum Design MPMS SQUID–
RSO DC-magnetometer.3. Results and discussion
Fig. 1 shows calculated intensity by Rietveld reﬁnement, and
experimental X-ray diffraction pattern, of Co3O4 nanoparticlesFig. 1. XRD pattern and Rietveld reﬁnement of the Co3O4 nanoparticles synthesized
at 200 1C (a) with the addition of sucrose and (b) without the addition of sucrose.
Fig. 2. SEM images of the Co3O4 nanoparticles synthesized atsynthesized at 200 1C (a) with and (b) without sucrose. All X-ray
diffraction patterns shown are consistent with a cubic spinel
Co3O4 structure (space group: Fd-3m), and no trace of other
impurities is observed. The average particle size was calculated
by the Scherrer formula using the full width at half maximum of
the four peaks with the most intense one obtained from Rietveld
reﬁnement following details of Ref. [8]. The instrumental broad-
ening was corrected using the XRD pattern of LaB6 standard
sample. The results show that the sample obtained with the
addition of sucrose shows a decrease in the crystallite size of
19(1) nm compared to the other samples, which present an
average crystallite size of 54(5) nm. Besides an increase in lattice
parameters with the addition of the chelating agent was
observed. Souza et al. have used sucrose as a polymerizing agent
to obtain NiO nanoparticles with the size of 11 nm [11]. They
have veriﬁed a regular porous macroscopic structure in ring form
in the precursor materials of the NPs formed by the formation of
gas during the heating, inhibiting the aggregation of particles.
Although the mechanism of nucleation of the sucrose molecule to
the transition metal is not clear, we believe that the insertion of
chelating agent changes the growth kinetics of the particles when
compared with the sample obtained without the addition of the
sucrose inﬂuencing mainly the coalescence process among the
particles.
To observe the morphology and crystallite size of the samples
SEM images were taken. Fig. 2 clearly shows particles with a well
deﬁned morphology tending to spherical-like shape for samples
prepared with the addition of sucrose. Although the particles’
shape for samples obtained with sucrose is not well deﬁned
due to resolution of the SEM, it is possible to verify that the
particle size has the dimensions lower than the samples without
sucrose and their sizes are in good accordance with those
calculated by Scherrer’s.
The presence of the chelating agent in the synthesis process
also strongly inﬂuences the magnetic properties of Co3O4 nano-
particles. Fig. 3 displays the magnetization curves in mode Zero
Field Cooling (ZFC) and Field Cooling (FC), with the applied ﬁeld of
100 Oe for samples of this work. The ZFC curve of sample Co3O4,
with the chelating agent, exhibits a peak at about T¼20 K
indicating the Ne´el temperature (TN). This peak overlaps with a
more intense peak around T¼9 K, attributed to the large surface
effects. Differently, the sample without the addition of sucrose,
there is only one peak, attributed to the Ne´el temperature at
about T¼20 K. The values for the Ne´el temperature in the literature
are between 30 K and 40 K for Co3O4 nanowires [12,13]. The fact
that TN for our systems is below the value than for the nanowires is
associated with the morphology and the grain size. The Ne´el
temperature of the AFM Co3O4 nanoparticles is slightly lower than
the bulk Co3O4, which has also been reported by the literature. This
lower Ne´el temperature can be attributed to the ﬁnite size effect,200 1C (a) with and (b) without the addition of sucrose.
Fig. 3. Temperature dependence of ZFC–FC magnetization measured at H¼100 Oe
to Co3O4 nanoparticles synthesized at 200 1C (a) without and (b) with the addition
of sucrose.
Fig. 4. Magnetization curves versus applied ﬁeld at 2 K showing exchange bias for
the sample synthesized with the addition of sucrose.
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temperatures of magnetic nanostructured materials [13].
A weak ferromagnetic (FM) behavior is indicated apparently
by the strong bifurcation of the ZFC and FC curves at low
temperature and the decrease of the ZFC magnetization for
sample with sucrose. Above the Neel temperature, the ZFC and
FC curves become almost identical. The origin of this weak
ferromagnetism at low temperature is due to the ﬁnite size
effects resulting from the small dimensions of the particles. For
a bulk antiferromagnet, the sublattice magnetizations are fully
compensated, resulting in zero net magnetization [12]. Besides it
is veriﬁed in Fig. 3a that the ZFC–FC curves do not overlap
indicating possibly a large size distribution considering the
region after TN, for which a superparamagnetic behavior formany nanoparticles of antiferromagnetic materials in bulk form
is observed.
Fig. 4 shows the magnetization curves as a function of applied
ﬁeld for Co3O4 nanoparticles with and without the addition of
sucrose. For the sample obtained with sucrose, there is clearly a
presence of exchange bias, due to the displacement of the center
of the curves for negative ﬁelds. The exchange bias is an inter-
facial effect of the exchange coupling between AFM and FM
layers, which induce a unidirectional anisotropy of the FM layer.
In the particular case of AFM nanoparticles this effect is observed
due to the coupling between the AFM core spins and the FM-like
surface spins. Both the loop shift and exchange bias ﬁeld are
measures of the unidirectional exchange anisotropy. The observa-
tions of the loop shift, enhanced coercivity, as well as the
exchange bias ﬁeld indicate the existence of the AFM core and
FM surface spin in our Co3O4 nanoparticles, which can be
attributed to the uncompensated surface spin due to the reduc-
tion of the coordination number at the surface of the AFM Co3O4
nanoparticles [13]. This behavior was not observed for the pure
sample and can be associated to the large size of the particles.4. Conclusion
In summary, the magnetic properties of AFM Co3O4 nanoparticles
prepared by coprecipitation method have been investigated.
We observed a considerable decrease in particle size with the
addition of chelating agent (sucrose). The Co3O4 nanoparticles
exhibit a cubic spinel structure identiﬁed for X-ray diffraction
(XRD) and conﬁrmed by Rietveld reﬁnement and SEM. The magnetic
measurements as a function of temperature using SQUID show a
large surface anisotropy for samples obtained with the addition of
sucrose accompanied by an exchange Bias effect indicating also the
existence of weak ferromagnetism. A decrease of the Ne´el tempera-
ture from the bulk was observed, which can be associated with the
ﬁnite-size effect in the nanoparticles’ shape.Acknowledgments
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